Abstract: For the fusion splicing of photonic crystal fiber (PCF), the air-hole collapse in heating process is important for minimizing the splicing loss. To analyze the air-hole collapse properties in heating process by CO 2 laser, a theoretical model of PCF has been proposed. The variation relationships among the splicing loss, air-hole collapse, and heating time are analyzed, respectively. The results show that the theoretical simulation is basically in accordance with the experimental data. Thus, the air-hole collapse can be controlled by adjusting the splicing power and heating time. Errors are also given.
Introduction
Photonic crystal fiber (PCF), also called holey fibers or microstructured fibers [1] , are a group of pure silica optical fibers in which a periodic array of many air-holes running along their lengths. PCF have some novel properties [2] - [4] , such as unique dispersion, high nonlinear, high birefringence, endlessly single-mode operation, etc, and have been used in many potential areas [5] - [7] , including novel types of photonic devices, sensor systems, optical communications, and so on. However, the coupling efficiency is critical between two PCFs or different PCF and single-mode fibers (SMFs) in fusion splicing. The splicing loss can be caused by the unavoidable air-hole collapse. So a method is required for controlling the air-hole collapse of PCF in heating process.
To resolve this problem, various solutions have been proposed for splicing loss during the heating process of PCF. For example, Chong et al. [8] used a laser splicing system for splicing between the large-mode-area PCF and SMF. The low splicing loss can be obtained by adjusting the laser power precisely. Xiao et al. [9] , [10] demonstrated the low-loss splicing small-core PCF and SMF by using a conventional fusion splicer. The air-holes of small-core PCF were gradually collapsing by applying repeated arc discharges over the splicing joint. Laegsgaard et al. [11] introduced a novel approach to the coupling of light into small-core silica/air PCFs. A partial collapse of the cladding air-hole radius to an appropriate value can reduce the mode mismatch contribution to coupling loss from a level of 5-10 dB to below 0.5 dB. Liu et al. [12] - [14] reported on highly reproducible low-loss fusion splicing of polarization-maintaining SMFs (PM-SMFs) and hollow-core PCFs (HC-PCFs), and the results can be used in fiber lasers. Their analysis was mainly aimed to achieve the fusion splicing of PCF under a certain given conditions, so the air-holes collapse during the fusion splicing process by CO 2 laser should be analyzed in detail.
In this paper, we analyzed the heat transfer properties of PCF in fusion splicing process without regard to the thermal stress. Moreover, we proposed a theoretical model for analyzing the air-holes collapse of PCF in heating process by CO 2 laser and analyzed the variation relationships among the splicing loss, air-holes collapse and heating time. Thereby, we can get an optimal laser power and heating time for controlling the air-holes collapse of PCF precisely.
Theoretical Model
The cross-sectional structure of PCF is shown in Fig. 1 with a hexagonal photonic crystal cladding surrounding a central solid core defect.
In Fig. 1 , an air-hole p is selected optionally for describing the forces to analyze the thermal stress of PCF in heating process by CO 2 laser. There are four forces imposing on any point p in the edge of arbitrary air-hole F p ! , F ! , F g ! , and F " ! , which caused by pressure difference between the outerinner surface of the air hole, the surface tension, the gravity and the thermal stress, respectively. So the total force F ! can be obtained as
The p in the edge of arbitrary air-hole can be regard as a voxel, so the forces are decomposed along the x and y directions as
where, ¼ 0:3=N
1=3
A ð=MÞ 2=3 is the surface tension coefficient, M is the molecular weight of Silicon Dioxide ðSiO 2 Þ, N A is the Avogadro constant, is the density of SiO 2 material, R is the radius of the PCF, r is the radius of air-holes, and g is the acceleration of gravity.
Based on classical mechanics principle, the air-hole collapse S x and S y in x and y directions can be described as is the Molar gas constant, E 0 is the activation energy of SiO 2 , m is the mass of voxel p, T is heating temperature, and t is the heating time.
Before fusion splicing, there is no air-hole collapse in the x and y directions as
With the heating time increasing, the air-hole collapse can be calculated as
In fusion splicing process, the air-hole collapse can be influenced by the thermal stress. We suppose that the PCF is heating only by F " ! , the variation range of heating temperature is 1400 to 2500 K. We substituted these parameters into (3) and obtained the relation between the air-hole collapses and heating temperature in Fig. 2 .
In Fig. 2 , we can see that the theoretical air-hole collapse is with the order of 10 À3 m and only about 6:6 Â 10 À3 m as the temperature is 2500 K. Compared with the air-hole diameter (about 1.32 m), the air-hole collapse is so small that the impact of thermal stress for establishing the theoretical model can be ignored.
Moreover, in the fusion splicing process, the air-holes are open to atmosphere and the internal pressures of that are equal, so F p ! and F " ! are zero. Equation (1) can be simplified as
Numerical Simulations
To study the air-hole collapse of PCF in fusion splicing process, the air-hole collapse model is presented in the BTheoretical Model.[ Then, without considering the pressure difference between the outer-inner surface of the air hole and thermal stress, the finite element method (FEM) is used to get the simulation results from the theoretical model. The geometry model of PCF is shown in Fig. 1 . The seven-ring PCF outer diameter is 125 m, air-hole diameter is 1.32 m, air-space size is 3 m, and the mode field diameter (MFD) is 8.5 m.
In simulation, the F x and F y are forces of arbitrary air-hole along the x and y directions, respectively. is the viscosity coefficient of SiO 2 and changes with changing the heating temperature. m is the mass of voxel p and changes with changing the grid precision in FEM. Here, the unit numbers of 54 666 and grids numbers of 29 206 are used in simulation. Based on the preceding solution, we suppose that the fusion splicing fiber is aligned completely and the mode field mismatch loss is only analyzed due to the air-hole collapse. When the fusion splicing power is 1.39 W, the relation between the heating time and air-hole collapse in theory is shown in Fig. 3 .
In Fig. 3(a)-(d) , the heating time is 500 ms, 560 ms, 590 ms, and 620 ms, respectively. The black and yellow lines represent the location and size of air-holes before and after collapse, respectively. We can seen that there is almost no air-hole collapse when the heating time is 500 ms. By extending the heating time, the air-hole collapse will increase and the center of air-holes will shrink to the fiber core along radial direction. The shrinkage displacement of air-holes in each layer is almost the same and still has hexagonal arrangement. When the heating time reaches 620 ms, airholes are collapsed completely and the temperature of fusion spliced PCF is approximately 2400 K that is close to the fusing point of SiO 2 .
When the fusion splicing power is different, the relation between air-hole collapse and heating time in theory is shown in Fig. 4 . In fusion splicing PCF and other fibers, the MFD is affected by air hole collapse as changing the heating time and the fusion splicing power. We can obtain the relation between the heating time and MFD as the different fusion splicing power as shown in Fig. 5 .
In Figs. 4 and 5, we can see that different heating power cause to different heating time for airhole collapse and MFD. There is a little air-hole collapse and MFD when the temperature of PCF is not more than 1705 K. The gradient of air-hole collapse and MFD will be reduced along with increased heating power. Thereby, we can choose the smaller fusion splicing power and the longer heating time for obtaining a better fusion splicing quality. However, the longer heating time may cause more heat transfer along the longitudinal direction in PCF fusion splicing process, a smaller fusion splicing power or a shorter heating time should be selected for fusion splicing.
Experimental Results and Analysis
In the following discussion, theoretical analysis results were confirmed by experiments. The block diagram of the experimental system is shown in Fig. 6 . In the experiment, the structural parameters of the PCF are follows: The seven-ring PCF outer diameter is 125 m, air-hole diameter is 1.32 m, air-space size is 3 m, and the MFD is 8.5 m.
In Fig. 6 , the SMF has an outer diameter of 125 m and mode-field radius of 5.2 m. This splicing approach is driven by average power. The variation range of CO 2 laser power is 1-20 W and the beam size (500-800 m) can be controlled to produce a homogeneous temperature field in fiber. Only a little fusion splicing loss is caused by alignment aberration and can be ignored. The fusion splicing loss is measured by the following: three short sections of SMF, PCF, and SMF are spliced together, and their output optical power is measured, respectively. The length of two SMFs is same and the length of PCF is 20 mm. Finally, we calculate the fusion splicing loss by comparing the measured optical powers. In the actual splicing procedure, the alignment procedure between SMF and PCF is six-dimensional optical adjustment and microscopic. To decrease the splicing loss, the outer edge of SMF and PCF is matched as perfectly far as possible. In the typical splicing procedure, including alignment and splicing, the total time is about 3 min. The measuring accuracy 
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Air-Holes Collapse Properties of PCF can be accurate to 0.01 dB. In experiment, the splice of SMF-PCF and PCF-SMF are performed by CO 2 laser. The two focusing lens is axially symmetric, so the heating process and air-hole collapse of fibers are exactly symmetrical. The polarization parameters (PER) of the splices is rather low and can be ignored in following analysis.
Based on experimental setup, we analyze the relations among the fusion splicing loss, air-hole collapse and heating time. Because the SMF, PCF, and SMF are spliced together, the crosssectional patterns of the air holes collapse under different power and different heating time are difficult to observe. Thereby, we use the variation of fusion splicing loss to verify the air holes collapse and get some preferable results.
When the fusion splicing power is 1.39 W, the relations among the fusion splicing loss, air-hole collapse and heating time are shown in Fig. 7 . In experiment, the wavelength of the source using to measure the loss is 1550 nm. The lowest loss is 0.01 dB as the optimum mode filed match between SMF and PCF. The return loss of the splice is 26.4 dB when the splicing loss is 0.01 dB. It can be used in lasers by avoiding the subcavity effects.
In Fig. 7 , we can see that the air-hole collapse is very small when the heating time is less than 500 ms, but the fusion splicing loss is very high. As the heating time increasing, the air-hole collapse increases and the fusion splicing loss caused by mode-field distribution decreases rapidly. When the heating time is 575 ms, the splicing loss is 0.01 dB. However, the fusion splicing loss will increase again when the heating time is more than 575 ms. The SMF-PCF and reciprocal PCF-SMF losses are different. By measuring, the range of SMF-PCF and PCF-SMF splicing losses are 0.01-3.2 dB, 0.01-2.8 dB, respectively. The errors may occur in the experiments for the following reasons: 1) In the fusion splicing process, the low-loss splice is performed by repeatedly. The range of fusion splicing loss is 0.01-3.2 dB by 20 splices in total. There are 17 splices of low-loss splice (about 0.01 dB) due to perfect model field match. The model-field mismatch and transition loss can lead to the variation of loss. 2) Due to the air-hole collapse, the mode-field distribution of PCF will gradually become consistent with that of SMF. Specially, there is no difference between them when the heating time is about 575 ms and we also can obtain the minimum fusion splicing loss. 3) As the heating time increasing, the quantity of heat will increase along the axis of PCF and the transition loss will decrease. We can obtain a suitable transition length in fusion splicing process when the heating time is also about 575 ms. After splicing SMF, PCF, and SMF together, the splice be protected using a standard thermalshrinking splicing sleeve without compromising its optical quality. Otherwise, we also can use the minor diameter stainless steel tube with both ends filling thermo-curing adhesive to protect the splice. Fig. 7 . Relations among the fusion splicing loss, air-hole collapse, and heating time.
Conclusion
A theoretical model for PCFs has been proposed to analyze the air-holes collapse properties in heating process of PCF. The variation relationships among the splicing loss, air-holes collapse and heating time are analyzed, respectively. A simple experiment was performed to verify the splicing loss of PCF. The experimental results show that the air-hole collapse can be controlled by adjusting the splicing power and heating time. In a word, the analytical results can be very inspirational for improving the splicing loss of PCF.
